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SUMMARY
Hypoxia-inducible factor (HIF)-1α is the oxygen-sensitive subunit of HIF-1, a transcriptional master regulator of oxygen homeostasis. Oxygen-dependent prolyl hydroxylation targets HIF-1α for ubiquitinylation and proteasomal degradation. Unexpectedly, we found that exposing mice to elevated temperatures resulted in a strong HIF-1α induction in kidney, liver and spleen. To elucidate the molecular mechanisms responsible for this effect, HepG2 hepatoma cells were exposed to different temperatures (34°C-42°C) under normoxic (20% O 2 ) or hypoxic (3% O 2 ) conditions. Heat was sufficient to stabilize mainly a phosphatase-resistant, low molecular weight form of HIF-1α (termed HIF-1α a ). Heat-induced HIF-1α a accumulated in the nucleus but neither bound to DNA nor trans-activated reporter or target gene expression, demonstrating the need of post-translational modifications for these functions. The protein banding pattern of heat-induced HIF-1α in immunoblot analyses was clearly distinct from the HIF-1α pattern after prolyl hydroxylase inhibition (by hypoxia or iron chelation/replacement) or following proteasome inhibition, suggesting that heat stabilizes HIF-1α by a novel mechanism. Inhibition of the ATP-dependent chaperone activity of HSP90 by novobiocin or geldanamycin prevented heat-induced as well as hypoxia-induced HIF-1α accumulation, indicating a common role of the HSP90 chaperone activity in HIF-1α stabilization by these two environmental parameters.
INTRODUCTION
The hypoxia-inducible factor-1 (HIF-1) 1 is a heterodimeric transcription factor composed of the two subunits HIF-1α and HIF-1β, both belonging to the basic-helix-loophelix (bHLH)-Per/Arylhydrocarbon receptor (AhR) nuclear translocator (ARNT)/Sim (PAS) protein superfamily (1) . HIF-1β is identical to the previously described ARNT protein. HIF-1 is a critical regulator of the physiological adaptive response to hypoxia since it activates genes regulating among others angiogenesis, erythropoiesis and glucose metabolism. HIF-1 has also been described to be involved in tumor-angiogenesis and ischemic diseases such as myocardial ischemia or stroke (reviewed in refs. 2, 3) . Whereas ARNT is constitutively expressed, HIF-1α expression is induced in hypoxic cells with an exponential increase in expression as cells are exposed to decreased oxygen partial pressures. As determined in HeLa cells, highest HIF-1α protein levels are reached at 0.5% oxygen (4, 5) . Recent studies have shown that HIF-1α is modified by oxygen-dependent prolyl hydroxylation (6) (7) (8) (9) , allowing the binding of the von high-affinity ligand binding and repressed conformation (28) (29) (30) . Furthermore, the HSP90 chaperone complex seems to regulate the intracellular localization of the AhR (31) . As shown by in vitro pull-down assays, HSP90 can also bind HIF-1α (32) . This observation has been confirmed by co-immunoprecipitation studies using an artificial EGFP-HIF-1α fusion protein ectopically over-expressed in heterologous COS-7 cells (33) . However, because HSP90 is capable of binding many proteins, the functional significance of these observations remained unknown. In particular, the effect of physiological activation of HSPs by heat on HIF-1 activity has not been reported so far.
We therefore investigated the impact of heat shock (as evidenced by HSP90 induction and activation) in vivo and in vitro on the regulation of cellular HIF-1α expression, protein modifications, subcellular localization as well as HIF-1 DNA-binding and trans-activation activity. Our data indicate a novel role of HSP90 in the stabilization of HIF-1α, which is not related to proteasome function or posttranslational modification of HIF-1α by phosphorylation.
EXPERIMENTAL PROCEDURES

Antibodies and Chemicals
Antibodies were purchased from the suppliers indicated in parentheses: mouse monoclonal anti-HSP90 (StressGen), mouse anti-HIF-1α (Novus), mouse anti-pVHL (Pharmingen), mouse anti-HIF-1α (Transduction Laboratories), mouse anti-β actin (Sigma).
Appropriate horseradish peroxidase-labeled secondary antibodies were purchased from SantaCruz and Promega. PD98059 and λ protein phosphatase were supplied by Calbiochem and New England Biolabs, respectively. All other chemicals were obtained from Sigma.
Petriperm dishes were purchased from Satorius.
Cell culture and reporter gene assays
The human hepatoma cell lines HepG2 and Hep3B were obtained from American Type Culture Collection. Cells were grown in high-glucose DMEM containig 10% FCS (LifeTechnologies) in a humidified 5% CO 2 /95% air atmosphere at 37°C. For hypoxic exposure, the O 2 concentration in the cell culture incubator (Heraeus) was lowered to 3%. The 
Animal experiments
The investigations were performed in strict accordance with the Guide for the Care and Typically, rectal temperature increased up to 41°C during heat treatment reaching the maximum temperature approximately 2 hours after exposing the mice to 37°C. Re-cooling resulted in a drop of rectal temperature back to 37°C within 20 min.
Immunoblot analyses
Following stimulation, cells were collected, washed with ice-cold PBS and extracted with 10 mM Tris-HCl (pH 8.0), 1 mM EDTA, 400 mM NaCl, 0.1% NP-40, 1 mM DTT, 1 μg/ml aprotinin, 1 μg/ml leupeptin, 1 μg/ml pepstatin, 1 mM PMSF. Protein concentrations were determined using the Bradford method (Sigma). Proteins were separated by SDS-PAGE and transferred onto nitrocellulose membranes by semi-dry electroblotting (Bio-Rad).
Membranes were stained with Ponceau S to verify equal protein loading per lane. After overnight blocking (5% non-fat milk powder in PBS), the blots were incubated for 1-2 hours with primary antibodies against HIF-1α, pVHL, HSP90, or β-actin, and detected with secondary horseradish peroxidase-conjugated antibodies. Chemiluminescence detection was performed by incubating the membranes with 100 mM Tris-HCl (pH 8.5), 2.65 mM H 2 O 2 , 0.45 mM luminol, and 0.625 mM coumaric acid for 1 min followed by exposure to X-ray films.
Immunofluorescence analyses
For immunofluorescence analyses, cells were fixed with freshly prepared 3. 
RNA extraction and RNA blot analysis
Total cellular RNA preparation and RNA blot analysis was carried out as described previously (34) . Hybridization probes for Glut-1, aldolase and β-actin were obtained by gelpurification of the inserts and random-primed labelling as described previously (34) .
Radioactive signals were recorded by exposure to phosphoimaging screens (Fuji).
Electrophoretic mobility shift assay (EMSA)
EMSA was performed as described before (35) . Oligonucleotides containing a HIF-1 DNA-binding site derived from the erythropoietin gene were gel-purified on 10% polyacrylamide gels prior to 5' end-labeling of the sense strand with γ 4°C. The gels were dried and radioactive signals were recorded as described above.
RESULTS
Heat induces HIF-1α expression in vivo-Similar to other bHLH transcription factors,
HIF-1α can form a stable association with HSP90 in vitro (33, 36) . To obtain evidence as to whether HIF-1α stabilization is functionally linked to activation of the heat shock response in vivo, we exposed mice to an ambient temperature of 37°C for up to 4 hours. During this treatment the rectal temperature increased up to 41°C as soon as 2 hours of exposure. Three animals were re-cooled following 3 hours of 37°C by exposing them back to room temperature.
Subsequently, animals were sacrificed and HSP90 as well as HIF-1α protein expression was determined in kidney, liver, spleen, lung and testis ( Fig. 1 ). In kidney and liver, a strong induction of HIF-1α expression was observed as soon as 1 hour after exposure of the mice to an ambient temperature of 37°C. This induction was detectable up to 3 hours after re-cooling of the animals, although the rectal temperature had decreased back to normal values. In spleen, only a slight induction of HIF-1α protein expression with elevated core body temperature was observed, whereas in the lung no signal could be detected. In testis, a strong constitutive HIF-1α protein expression was observed, which remained unaffected by elevated core body temperature. Interestingly, heat-induced as well as constitutive expression of HIF-1α protein correlated with the expression of HSP90 in the different organs ( Fig. 1) , suggesting that HSP90 induction might be functionally linked to HIF-1α stabilization.
Temperature-dependent HIF-1α protein accumulation-To gain insight into the molecular basis of the heat-induced HIF-1α expression, human hepatoma HepG2 cells were exposed for 4 hours to temperatures ranging from 34°C to 42°C under normoxic (20% O 2 ) or hypoxic (3% O 2 ) conditions. HIF-1α but not pVHL or β-actin protein levels were induced by elevated incubation temperatures under both normoxic and hypoxic conditions ( Fig. 2A) . A similar effect was found when desferrioxamine or cobalt chloride were combined with heat ( Fig. 2B) . Heat-induced expression of HIF-1α started following exposure for 2 hours (data not shown). Heat-induced increase in HIF-1α expression was also detectable in petriperm cell culture dishes, in which the cells were grown attached to an oxygen-permeable silicone membrane. This prevents hypoxic effects that potentially might occur due to increased oxygen consumption following heat exposure (data not shown).
Three major HIF-1α bands could be resolved by Western blot analysis (termed HIF-1α a , HIF-1α b , and HIF-1α c ) ( Fig. 2 and 3) . Interestingly, heat induced primarily the low molecular weight form HIF-1α a in vitro and to some extent HIF-1α b , whereas hypoxia or the hypoxia-mimicking agents cobalt chloride and desferrioxamine induced primarily the higher molecular weight species HIF-1α b , HIF-1α c as well as intervening forms ( Fig. 2 A and B) . To determine the biochemical basis of the three HIF-1α forms, protein extracts of HepG2 cells exposed to 37°C under hypoxic conditions or exposed to 42°C under normoxic conditions were treated with λ phosphatase. The HIF-1α c band disappeared after λ phosphatase (400 U) treatment, whereas the HIF-1α a and HIF-1α b bands were not affected (Fig. 3A) , even after increasing the amount of λ phosphatase up to 2000 U (data not shown). These results suggest that HIF-1α c represents a phosphorylated form of HIF-1α. A high-resolution immunoblot with the organ protein extracts, derived from mice exposed for 4 hours to elevated temperatures, together with a protein extract of hypoxic HepG2 cells, clearly indicated that the HIF-1α a form is also induced by heat in vivo (Fig. 3B) . 5A ). Consequently, the transcriptional activity of heat-induced HIF-1 remained unchanged in B1 cells exposed to 42°C (Fig. 5B) . Since the luciferase protein was found to be thermoinstable (data not shown and ref. (37) , reporter gene expression was determined at the mRNA level. In contrast to heat, exposing B1 cells to hypoxia resulted in a strong induction of luciferase mRNA expression, which was not further increased by heat.
Heat-induced HIF-1α
Finally, HIF-1 target gene expression was evaluated following exposure to heat and/or hypoxia. In agreement with the lack of DNA-binding and heat-induced reporter gene activity, hypoxia but not heat induced the HIF-1 target genes glucose transporter-1 (Glut-1) and aldolase in HepG2 cells (Fig. 5C ). In the same samples, no change in HIF-1α mRNA expression was detectable, demonstrating that neither hypoxia nor heat-induced HIF-1α protein expression is caused by increased mRNA expression. (Fig. 6 ). Because the HIF-1α a and HIF-1α b bands were still present in
Heat-induction of HIF-1α
IVTTs performed in the presence of the iron chelator DFX (Fig. 6 ), an inhibitor of HIF-1α prolyl hydroxylation (6,7), it is unlikely that HIF-1α b is the hydroxylated form of HIF-1α.
These results were confirmed by IVTTs performed under hypoxic conditions (data not shown).
Compared with heat and IVTT, hypoxia resulted in a distinct HIF-1α banding pattern.
Hypoxia induced the phosphatase treatment-resistant HIF-1α b and the phosphorylated HIF-1α c species the latter of which is not found following heat or IVTT. This observation suggests that heat induced HIF-1α at least partially by a pathway distinct from hypoxia. We further excluded heat-mediated proteasome inhibition as a potential mechanism of HIF-1α stabilization, as evidenced by the distinct pattern of HIF-1α following treatment of the cells with the proteasome inhibitor lactacystin (Fig. 6 ). Unlike heat, lactacystin induced a series of additional (most probably poly-ubiquitinylated) HIF-1 bands with lower electrophoretic mobilities than HIF-1α a, b and c (Fig. 6 ).
HSP90 activity is required for HIF-1α induction by heat as well as by hypoxia-The
HSP90-inhibiting drugs novobiocin and geldanamycin were used to gain insight into a possible contribution of HSP90 activity to the heat-induced expression of HIF-1α. Therefore, HepG2 cells were subjected to 42°C with or without the addition of increasing concentrations of novobiocin or geldanamycin (Fig. 7A) . It is important to note that the doses of geldanamycin and novobiocin employed were not cytotoxic as determined by MTT survival assay (data not shown). At lower doses, both HSP90 inhibitors diminished the prominent heat-induced HIF-1α a form, but led to an increase of the HIF-1α b form. Higher doses of both HSP90 inhibitors even led to the disappearance of heat-induced HIF-1α a and HIF-1α b . The addition of the MEK1 inhibitor PD98059 did not affect heat induction of HIF-1α a and HIF-1α b , confirming that the MEK-ERK kinase pathway is not involved in heat regulation of HIF-1α (Fig. 7A) .
The direct interaction of HIF-1α and HSP90 was determined by coimmunoprecipitation assays in protein extracts of HepG2 cells exposed to 37°C compared to 42°C. In good agreement with the hypothesis that HSP90 is mediating heat-induced stabilization of HIF-1α, more HSP90 was found to be complexed with HIF-1α after exposure to 42°C compared to 37°C (Fig. 7B ).
Of note, the HSP90 inhibitor geldanamycin was able to diminish also the hypoxiainduced expression of HIF-1α (Fig. 7C) . At lower doses the native HIF-1α a form was more susceptible to inhibition of HSP90 activity than the phosphorylated HIF-1α c form. These data indicate that protein stabilization of HIF-1α by heat as well as by hypoxia involves ATPdependent HSP90 activity.
DISCUSSION
Early work on hypoxia-inducible gene expression suspected mechanisms comparable to those elicited by the general stress response, most prominently represented by the heat-shock response. However, with the discovery of HIF-1 it became evident that the specific hypoxic response is distinct from the heat-shock response (38) . Thus, we were surprised to find heatinduction of HIF-1α in mice exposed to elevated temperatures. It seems unlikely that heatinduced HIF-1α expression is simply mediated by hypoxia due to an increased oxygen consumption since the temperature effects were similar in standard polystyrol cell culture dishes and in petriperm dishes, in which the cells grow attached to oxygen-permeable silicone membranes. As previously shown in our laboratory, this prevents hypoxic effects caused by high cell densities or increased metabolic rates (39) . More important, the protein pattern of 
